We have calculated the electronic structure and the x-ray absorption (XA) spectrum of a hydrogenated single graphite plane, in order to simulate recent experimental results on hydrogenated single wall carbon nanotubes (SWCNT) as well as hydrogenated graphene. We find that the presence of H induces a substantial component of sp3 bonding and as a result the and V components to the electronic structure vanish. We have calculated a theoretical x-ray absorption spectrum using a multiband version of the Mahan-Nozières-De Dominicis theory. By making a fitting of the XA signal of C atoms that have H attached to them and C atoms without H in the vicinity we obtain a good representation of the experimental data and we can draw the conclusion that in the experiments [A. Nikitin et al., Phys. Rev. Lett. 95, 225507 (2005)] some 35-50 % H have been absorbed in the SWCNT.
The search of materials to be applied for generating or carrying energy has recently been intensified dramatically. A successful outcome of this search is one of the key issues for the transition to a sustainable energy consumption. One class of materials for such applications is the carbon nanotubes that have been demonstrated to have the ability to absorb and release hydrogen. In a recent study1 based on x-ray photo electron spectroscopy (XPS) and x-ray absorption spectros copy (XAS) it was demonstrated that single walled carbon nanotubes (SWCNT) can be hydrogenated with atomic H in a reversible way. The XPS spectrum of the pure SWCNT showed a narrow C 1s line with a full width at half maximum (FWHM) of 0.44 eV. Upon hydrogenation the C 1s line broadens to 1.3 eV due to the appearance of a shoulder to ward higher binding energy. The spectrum could be decom posed into two components, one corresponding to carbon atoms of pure SWCNT and a second component due to car bon atoms that have a covalent bonded hydrogen atom. The chemical shift between the two components was 0.8 eV. The relative intensity of the components provided a measure of how many carbon atoms were hydrogenated, which was es timated to 65%. This corresponds to 5.1 wt % hydrogen ca pacity. The interpretation of the C 1s shift was supported by density functional theory (DFT) spectral calculations.
Further evidence of the hydrogenation process was indi cated by the change in the x-ray absorption spectra. Figure 1 reproduces the observed changes in the XA spectra due to hydrogenation, where the v* feature at 285.5 eV decreases and the intensity increases in the spectral region between 288-291 eV. Since these results clearly indicate the poten tial for SWCNT as a hydrogen storage material it is essential to provide more support for spectral interpretation. In paral lel to the development in experimental studies of H loaded carbon nanotubes there have recently been a lot of attention focused on single layers of graphite, i.e., graphene. This unique material was recently discovered and the study of its physical and chemical properties has only recently begun (for a review, see Refs. 2 and 3). Its use for reversible hy drogen storage is also an option of great potential interest. We provide here knowledge about the electronic structure of H loaded graphene, since we in our calculations use the ge ometry of a single graphene layer with H atoms chemisorbed on top (described in detail below). The results might be in teresting for better understanding of doping processes in graphene determining its electronic properties.4 We note that previously theoretical studies of K adsorbed on graphene have been published.5
The experimental study of the hydrogen storage1 used XAS as one of the key components for the analysis and this has motivated us to undertake an element specific theoretical study, which includes core-hole valence-electron interaction. Our theoretical study is hence motivated both by the recent developments in the synthesis of H carrying materials and by the recent development of methods to calculate accurately the spectral features of XA spectra.6,7 This is an ab initio approach that allows one to calculate accurately not only positions of the main peaks but also their intensities, which opens a way to use the calculations of XA spectra, together with the relevant experimental data, for quantitative analysis of the system under investigation.
The development of a realistic theoretical description for XA spectroscopy has been an active field of research for several decades.8-11 The time-dependent character of the XA processes, together with relevance of correlation effects in volving the core hole, makes the problem highly nontrivial. Basically, the problem was solved in a framework of the theory of Mahan-Nozières-De Dominicis (MND) that incor porates the dynamical core-hole screening (see, e.g., Refs. 11-13). The main effect of the core hole is to make some of the spectral features become more narrow. There may also be a slight shift in the positions of these spectral features. This is primarily caused by the additional Coulomb interaction between the core hole that is created in the XAS process and the valence band states. The dynamical screening does not change the shape and position of the spectral features calcu lated using a static core hole, but their relative intensity does change.14 Based on the MND theory the authors of Ref. 13 have developed a suitable computational scheme expressing the XA spectrum in terms of the imaginary part of the initialand final-state locally projected Green's functions. This ap proach has been generalized to a general multiband case and implemented into first-principle electronic structure calcula tions in Refs. 6 and 7. Here we apply this approach to the case of hydrogenated graphene. Together with the experi mental data1 it allows us to find the concentrations of bound hydrogen, which is the most important question for potential use of carbon materials for the hydrogen storage.
A SWCNT can be considered as a rolled up sheet of graphene, and the electronic structure of SWCNTs and graphene are in many aspects similar. If a sample of SWCNT has mixed chirality then the XA spectra of the sample be comes almost identical with the graphene XA spectra since the finite size effects will disappear in the averaging over different chiralities.7 The XA spectra for a sample of SWCNT with mixed chirality are therefore calculated using a single graphene layer. The hydrogenation of the SWCNT is treated by adding H atoms to the graphene layer. Technically, the computational procedure can be described as follows. The initial-and final-state Green's functions are defined as gR(w) = (m-^+ iS-H)-1 and Gr(m) = (m-^+ iS-H -V)-1, where V is the core-hole potential. In order to apply the formalism of Ref. 13 the Green's functions and core-hole potential are projected on local orbitals g^nn = (m|gR|n), Gm" = (m|GR|n) and Vmn = (m|V|n). The size of the set of local orbitals must be large enough to give a good representation of the core hole potential. For our calculation the set of local orbitals n= s ,p x,py,p z has been found sufficient.7 The XAS intensity function I(w) is now given by the expression13 WESSELY et al. roe roe
where tn= E ■ (1s|p|n), E is the x-ray electric field, and p is the dipole moment operator. Since the SWCNTs have ran dom alignment, t" = t" = t" and ts=0 since no transition to an The structure of the H bonded carbon atom was calculated by considering a sheet of graphene with one hydrogen. The atomic positions were relaxed using the conjugated gradient algorithm until the difference in total energy between two iterations was less than 10-4 eV. The main result of the re laxation was that the position of H bonded C atom was pulled out of the graphene plane toward the H atom 37% of the C-C bond distance. In order to simulate a system with a core excited atom a super cell with 72 C atoms and 2 H atoms was used, with either one of the H bonded C atoms or one of the C atoms with no H atom attached was replaced by a Z +1 atom. The Monkhorst-Pack scheme19 was for the Z +1 calculation applied with a 5 X 5 X 1 k-point mesh. In the calculations a 400 eV kinetic energy cutoff was used for the plane waves in the basis set. The plane-wave components of the eigenstates were projected on the spherical harmonics inside the spheres around the atoms in order to obtain the atomic projections. Since we employ here the Z +1 approxi mation we make a few comments on its accuracy. Calcula tions of the unoccupied final-state electronic structure have been made, which compare the Z +1 approximation with a core excitation from the 1s shell. It was shown that the Z + 1 approximation indeed is a good approximation,20 and for this reason we have used it also here. The MND approach does not rely on the Z +1 approximation, a final-state Green's function could be calculated with a 1 s excited core electron, but in the presently used electronic structure it is more con venient to use the Z +1 approximation. It should be noted that the absolute energy of the XAS edge was not calculated here, we simply calculated the unoccupied spectral features and adjusted the theoretical edge to the experimental one. However, the relative positions of the theoretical spectra have not been adjusted, but are an outcome of the theory. If one had the ambition to also calculating the energy of the edge one would have to resort to calculate the core binding energy of the 1 s level, which is possible from first principles theory.
It was recently reported21,22 that H chemisorbed at an ideal graphene surface can form magnetic moments, at least at zero temperature. However, these moments are easily sup pressed by even a very weak curvature of the carbon sheets.21 In addition, there is no experimental evidence of DYNAM ICAL CORE-HOLE SCREENING IN THE X-RAY... ferromagnetism for the hydrogenized carbon nanotubes at room temperature, that is, for the conditions where experi mental data1 have been obtained. For this reason we have in the present studies used nonmagnetic calculations.
In the experimental study it was suggested that the SWCNT could accommodate some 65% H. This means that not every C atom in the SWCNT has an H atom attached to it. The best way to simulate an XA spectrum with H atoms attached to some of the C atoms is hence to add spectral contributions from C atoms attached to H and from C atoms without H attached, t 1 and t2, respectively. The results of such a calculation are shown in Fig. 2 , where we also include the experimental spectrum. It can be noted from Fig. 2 that the spectral features are dramatically modified for the H loaded system. It is in particular the sharp feature of the SWCNT at the threshold energy, which corresponds to exci tations to ot* states, that is completely absent for the hydro gen loaded system. Most of the other spectral features are similar for the two systems. In particular the conspicuous peak at 292 eV, which corresponds to excitations to a states, is very similar for the two systems.
We also note that there is a discrepancy between the the oretical and the experimental spectra for the nonhydroge nated system which would be much larger if the dynamical screening of the core hole would not be considered, see Refs. 6 and 7.
The reason for the disappearance of the ot* peak when H atoms are bonded to the C atoms is that H binds strongly to a C atom in the SWCNT and graphene. This disrupts the traditional bonding of C atoms which have sp2 hybrids that generate strong covalent bonds between atoms in the plane and ot orbitals that lie perpendicular to these planes. Instead an sp3 component to the binding develops with the result that one of the C atoms of the SWCNT layer is pulled out of the plane to come closer to the H atom. This is shown in Fig. 3 , where the geometry of our structural optimization is shown. The C atom that shows the most dramatic change in position has been moved 37% of the bond distance in the out of plane direction. In Fig. 4 a comparison is made of the density of states (DOS) for graphene and the local DOS for a C atom attached to a H atom. The comparison shows that the ot* and ot peaks in the graphene DOS essentially disappear for the H PHYSICAL REVIEW B 76, 161402(R) (2007) FIG. 3. Calculated geometry of the H and C atoms in close vicinity to each other in a SWCNT. Gray balls represent C atoms that essentially have not modified their bond distances compared to a SWCNT without H, whereas the dark gray atom is a C atom close to the H atom (light gray atom) which moves out of plane due to the occurrence of an sp3 component to the chemical bond induced by H. bounded atom. Moreover a sp3 hybrid orbital of C p and H s shows up as a peak at -8 eV in the DOS for the H bounded C atom.
In order to determine the degree of hydrogenation we use the assumption that the experimental XA spectra with partial hydrogenation s3 is a sum of two components originating from C atoms with and without a H atom bonded, these components to the spectra are labeled s 1 and s2, respectively. The spectra for the partially hydrogenated sample is thus given by s3= xs1 + (1-x)s2, where x is the degree of hydro genation. This spectrum can thus be theoretically modeled using the theoretical spectra with and without hydrogen shown in Fig. 2 , t 1 and t2, respectively, by the expression c3=N3[xt1 + (1-x)t2], where N3 is a normalization factor, which connects the calculated intensity to the measured one. Note that we use c 3 to denote the theoretically calculated spectrum obtained from t1, t2, x, and N3. The calculated XA spectra for the nonhydrogenated sample can in a similar way be written c 2 = N 2t2, where N2 can be determined by requiring that c2 have the same intensity as s2. Here it should be noted that slightly different values of N 2 are obtained, depending on if c2 is required to have the same intensity as s2 at the ot* resonance or if c2 is required to coincide with s2 at the a* resonance. This will influence our conclusion on the degree of hydrogenation in the measurement of Ref. 1 to some de gree, as discussed below.
The difference between the two measured spectra shown in Fig. 5 is thus given by s2-s3 and the corresponding theo retical expression is
In Fig. 5 N2 is held fixed, according to the discussion above, and N 3 and x have been used as fitting parameters such that over all energies good agreement between experiment and theory is obtained. From Fig. 5 it may be seen that the the oretical spectrum reproduces the measured one quite accu rately. The values of hydrogen concentration can be ex tracted from this figure and Eq. (2) and we obtain a value of 35% if we normalize N2 to the ot* peak and a value of 50% if we normalize N2 to the a peak of the nonhydrogenated spectrum. Hence we conclude that the experimental spec trum of Ref. 1 contains a H concentration between 35% and 50%. In summary we have calculated the XA spectrum of a hydrogenated graphite plane in order to simulate recent ex perimental results on hydrogenated SWCNT and in order to obtain a prediction of the change in the electronic structure of a H loaded graphene plane. We find that the C atoms where a H atom is attached have a structural geometry and a chemical bonding that have a substantial component from sp3 hybrids. As a result the ot and ot* components to the electronic structure (DOS) vanish, which also shows up in the XA spectrum since these spectral features disappear com pletely. By making a fitting of the XA signal of C atoms that have H attached to them and C atoms without H in the vi cinity we draw the conclusion that in the experiments in Ref.
1 some 35-50 % H have been absorbed in the SWCNT, a conclusion that is in rather good agreement with experiment. A possible reason for the discrepancy between the degree of hydrogenation measured using XAS and XPS is that XPS is more surface sensitive. We also find that including core-hole valence-electron interaction as given by the MND theory is important for obtaining the correct relative intensities of the different spectral features, which is crucial for quantitative calculations of hydrogenation.
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